A nimals change their behavior in response to sensory cues in the environment, as well as the physiological status of their own. For example, various behaviors are modulated by stress (1) , and some social behaviors, such as schooling and sexual behaviors (2, 3) , are modulated by various sensory cues in the environment, such as the temperature, day length, etc. However, the neural mechanisms of how the neural circuit integrates such information from the environment and modulates their behaviors remain unknown. It is generally accepted that such behavioral changes are induced by modulations of neural activities in the brain (generally called "neuromodulation"). Although neural activities are known to be modulated by various molecules (generally called "neuromodulators"), it has been proposed that neuropeptides play important roles in such neuromodulation (4) (5) (6) .
The terminal nerve (TN) gonadotropin-releasing hormone (GnRH) 3 (TN-GnRH3) neuron, which is one of the phylogenetically conserved peptidergic neurons among vertebrates (7) , has been suggested to act as a neuromodulatory cell to regulate motivation for sexual behavior (8) (9) (10) . This neuron projects to wide areas of the brain (11, 12) , and GnRH3 peptide that is released from TN-GnRH3 neurons has been demonstrated physiologically to modulate neuronal functions involved in sensory processing (13) (14) (15) (16) . Such neuromodulation has been analyzed by experiments using only adult fish and suggested to lead finally to behavioral changes. On the other hand, it has been reported that TN-GnRH3 neurons are labeled by GnRH3 antibody from early developmental stages to adulthood and are suggested to produce a mature GnRH3 peptide (17, 18) , even in the early developmental stages. Though it has been suggested that spontaneous high-frequency firing, such as bursting, is important for neuropeptide release, it remains unknown during which developmental stages TN-GnRH3 neurons show burst firing. Here, we recorded spontaneous firings of TN-GnRH3 neurons from gnrh3:enhanced green fluorescent protein (EGFP) medaka fish after hatching to adulthood. An advantage of using medaka as a model is its small and transparent brain that can be used in a whole-brain in vitro preparation. In this preparation, intact neural circuits are maintained for electrical recording and imaging. Contrary to what one would expect from their neuromodulatory functions in adults, TN-GnRH3 neurons in juvenile fish, far more frequently than in adult fish, showed burst firing (juvenile-specific burst firing), which was accompanied by significant Ca 2+ signals that may be suggestive of active neuropeptide release. Our study reports that peptidergic neurons show juvenile-specific burst firing and suggests that juvenile TNGnRH3 neurons have novel functions, in addition to neuromodulation.
Materials and Methods
Female and male gnrh3:EGFP medaka (Oryzias latipes) (19) were maintained at 27°C at a 24-hour dark cycle before hatching and a 14:10 light:dark cycle after hatching. The fish were fed daily with live brine shrimp and flake food. We used juvenile medaka (three; ;9 weeks after fertilization) and adult medaka (.9 weeks after fertilization). All physiological studies were performed at ;20°C to 27°C. All procedures were performed in accordance with the guideline principles for the care established by the Physiological Society of Japan, and the protocols were approved by the Animal Care and Use Committee of the University of Tokyo (permission number 15-3, 17-1).
Electrophysiology
The fish were anesthetized by 0.02% 3-aminobenzoic acid ethyl ester (MS-222; Sigma Aldrich, St. Louis, MO). They were quickly euthanized by decapitation, and the whole brain was isolated. The isolated brain was put in an artificial cerebrospinal fluid (ACSF) consisting of (in mM) 134 NaCl, 2.9 KCl, 1.2 MgCl 2 , 2.1 CaCl 2 , 10 HEPES, and 10 glucose (pH 7.4 adjusted with NaOH and ;300 mOsm adjusted with sucrose). The whole brain of this fish can be maintained in vitro for a long period without oxygenation (20) . Then, the ventral meningeal membrane was carefully removed. For the whole-cell recording, internal solution was the following (mM): K-gluconate 112.5, KCl 17.5, NaCl 4, EGTA 1, MgCl 2 1, CaCl 2 0.5, and HEPES 10 (pH 7.2 adjusted with KOH and ;290 mOsm adjusted with sucrose). The junction potential was 213.8 mV, and the membrane potentials were adjusted by using this value. The tip resistance of patch electrodes (GD-1.5; Narishige, Tokyo, Japan) in ACSF was ;10 to 15 MV. For the on-cell clamp recording, the pipette solution was the same as ACSF. Both recordings were performed using an Axopatch 200B patchclamp amplifier (Molecular Devices, Sunnyvale, CA). The whole-cell current-clamp recordings were digitized (10 kHz) and stored on a computer using Digidata 1322A and pCLAMP 9.2 software (Molecular Devices). We detected action potentials by using Clampfit 10 software (Molecular Devices) and analyzed firing pattern by referring to Hasebe et al. (21) . There was not any difference between firing patterns recorded by on-cell and those recorded by whole-cell patch clamp. Bath application of drugs was performed by mixing drugs in the ACSF, and puffer application (100 ms, ;60 to 70 kPa) was performed by using the electric microinjector IM-31 (Narishige). The tip diameter of glass pipette (GD-1; Narishige) for puffer application was 1 to 5 mm, and the pipette was placed ;10 to 30 mm from the cell bodies of TN-GnRH3 neurons.
Ca

2+ imaging
The whole brain was isolated as described previously. Some neurons and glial cells covering the ventral region of the somata of TN-GnRH3 neurons were mechanically removed with the aid of a glass pipette under a microscope to expose the surface of the TN-GnRH3 neurons. Then, the brain was incubated in ACSF at room temperature for 30 minutes. We prepared Fura2-acetoxymethyl (AM) solution [ACSF with 10 mM Fura2-AM (Dojindo, Kumamoto, Japan) and 0.04% Cremophor-EL (Sigma Aldrich)] and vortexed it for 10 seconds. After the incubation, we put the brain into a new 1.5-mL tube containing a Fura2-AM solution. The tube was shaken mildly (30g) at 30°C for 1 hour. The brain was washed by incubation with normal ACSF at room temperature for 15 minutes and perfusion of normal ACSF at room temperature for 15 minutes. After that, we placed the brain in a recording chamber with ACSF in the ventral side-up direction. The preparation was perfused with ACSF at a continuous flow rate (2 mL/min). Bath application of drugs was performed by mixing drugs in the ACSF, and puffer application was performed as described in the previous section by using the electric microinjector IM-31 (Narishige). Fura2 and EGFP fluorescence was detected by the Chroma 74000 filter set (D4803, D3403, D3803 exciter; 505DCLP dichroic mirror; HQ535/50m emitter), housed in the Lambda DG-4 Xenon light source, excitation filter exchanger (Sutter Instruments, Novato, CA), and the BX-51WI upright epifluorescence microscope (Olympus, Tokyo, Japan). The fluorescence was recorded using the Metafluor imaging software (Molecular Devices) and each camera: QuantEM 512SC electron multiplying (EM) chargecoupled device camera . The basal ratio of fluorescence intensity (R) 0 was calculated as the average of five frames from the first one. The ratio change of fluorescence intensity (Dratio) was calculated as R 2 R 0 . Peak Dratio was calculated as [(maximum Dratio for 30 seconds after puffer application) 2 (average Dratio for four frames from approximately eight frames before application)]. We set up the region of interest on one of the TN-GnRH3 neurons by referring to the EGFP images and averaged those Dratio of the neurons in one hemisphere of telencephalon (approximately two to eight neurons were identified in one hemisphere).
Drugs
g-Aminobutyric acid (GABA) was purchased from Wako (Osaka, Japan). Glutamate (L-glutamic acid monosodium salt hydrate), muscimol, and bicuculline were purchased from Sigma Aldrich. D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were purchased from Tocris (Bristol, UK). CNQX and bicuculline were dissolved with dimethyl sulfoxide as 20 mM and were diluted to ACSF. The final concentration of dimethyl sulfoxide in ACSF was 0.1%.
Statistics
All animal experiments were performed on fish of both sexes. Statistical analyses were performed by using Kyplot5 (Kyence, Tokyo, Japan) and Igor Pro 6 software (WaveMetrics, Lake Oswego, OR) with a Taro tool (Igor macro set, written by Dr. Taro Ishikawa, Jikei University School of Medicine, Tokyo, Japan). Analyses include the following: analysis of percentage of burst-firing neurons: Jonckheere trend test (decrease; see 
Results
TN-GnRH3 neurons change firing patterns during post-hatching development
The spontaneous neural activities of EGFP-labeled TN-GnRH3 neurons from fish after hatching to adulthood were recorded by on-cell patch clamp (Fig. 1) . The firing patterns were classified as regular, irregular, and burst firing (see Fig. 1 legend for definitions). The burst firing was defined as firing with more than three consecutive spikes at .3 Hz and with an interburst interval longer than 1 second, which was based on the regular firing frequency in adults (see later). We could not find silent neurons. In adult fish, it has been reported that TN-GnRH3 neurons most frequently show regular firing (pacemaker activity) and show irregular or burst firing on rare occasions (11) . In contrast to the firing patterns in adulthood (medaka were maintained in pairs), we found that most TNGnRH3 neurons in juvenile medaka showed irregular or burst firing (Fig. 1 ). As shown in Fig. 1F , nearly 60% of neurons in fish, just after hatching, were categorized as burst firing, and such "juvenile-specific spontaneous We used the average value for each pattern. The classification of the firing pattern is as follows: burst firing, consecutive spikes more than three at .3 Hz (firing frequency in adult medaka is usually lower than 2 Hz) and interburst interval longer than 1 second (longer than that of general TN-GnRH3 neurons in adults); regular firing, coefficient of variation of the interburst interval ,0.65 (the coefficient of variation is defined as the ratio of the standard deviation to the mean interburst interval); irregular firing, others. Juvenile: 3 weeks after fertilization, 9 fish; 4 weeks, 9 fish; 5 weeks, 7 fish; 6 weeks, 8 fish; 7 weeks, 8 fish. Adult: .12.5 weeks, 4 fish. (G) The percentage of burst firing was selected from (F). Jonckheere trend test, P , 0.001.
burst firing" was observed in both males and females. The intraburst firing frequency was .5 Hz, from 3 to 7 weeks after fertilization (Table 1 , top row). Figure  1G shows the percentage of burst-firing neurons in a fish selected from Fig. 1F . The percentage of neurons exhibiting burst firing decreased as fish grew older (Jonckheere trend test, P , 0.001). The change in the percentage of burst-firing neurons started later than the early stages of sexual maturation. In addition, as fish aged, the percentage of regular firing neurons increased to 100% by 12.5 weeks after fertilization (Fig. 1F) . Furthermore, the firing frequency of neurons with a regular firing pattern tended to be lower in juvenile medaka than in adult medaka ( Table 1 , bottom row).
Glutamatergic synaptic inputs are involved in juvenile-specific burst firing in TN-GnRH3 neurons
To examine whether the juvenile-specific burst firing mentioned in the previous section is induced by synaptic inputs, we first recorded firing activities of TN-GnRH3 neurons in juvenile medaka with an ACSF containing glutamate receptor antagonist CNQX (Fig. 2) . The application of CNQX decreased the occurrence of burst firing ( Fig. 2B and 2D ). The median firing frequency of bursting neurons in juvenile terminal nerve was also decreased by CNQX application (Fig. 2E) . On the other hand, CNQX did not significantly affect the firing frequency of TN-GnRH3 neurons in adults (Fig. 3) . Thus, glutamatergic presynaptic inputs are suggested to be important for the juvenile-specific burst firing in TN-GnRH3 neurons.
The mimicking of direct glutamatergic synaptic input can trigger juvenile-specific burst firing and induce a [Ca 2+ ] i increase, which may suggest neuropeptide release To examine whether glutamatergic synaptic inputs can actually induce burst firing, we performed puffer application of glutamate to mimic such synaptic inputs. Puffer application of glutamate transiently increased firing frequency of TN-GnRH3 neurons in juvenile medaka in a dose-dependent manner (Fig. 4A-4C ). The peak frequency in Fig. 4B Fig. 4D and 4E ). The [Ca 2+ ] i in TN-GnRH3 neurons also increased in a dose-dependent manner (Fig. 4E) . With the consideration of the increase in firing frequency (Fig. 4C) ] i increase, which may suggest neuropeptide release ( Fig. 4F-4I ).
Juvenile-specific burst firing of TN-GnRH3 neurons can be triggered by the blocking of GABAergic synaptic inputs onto the glutamatergic interneurons Next, we examined the role of GABAergic synaptic inputs, which are the representative inhibitory synaptic inputs in vertebrate brains. Firing activities of TNGnRH3 neurons were recorded in an ACSF containing GABA A receptor antagonist, bicuculline. Bath application of bicuculline induced the juvenile-specific burst firing of TN-GnRH3 neurons (Fig. 5A) . Such juvenilespecific burst firing induced by bicuculline was observed in medaka from 3 weeks after fertilization onward. On the other hand, GABA directly excites TN-GnRH3 neurons in juveniles (Fig. 5B ) and in adults [ Fig. 5C ; see also Nakane and Oka (24) and Sim et al. (25) ]. In Fig. 5B and 5C, we used muscimol as a GABA A receptor agonist. Taken together, we can postulate a simple neural circuit, including TN-GnRH3 neurons (Fig. 6A) . Here, the bicuculline-induced burst firing may be explained by increased glutamatergic synaptic inputs during bicuculline perfusion. To prove this possibility, we first recorded spontaneous firing activities of TN-GnRH3 neurons in an ACSF containing bicuculline after blocking glutamatergic synaptic inputs by a glutamate receptor antagonist, CNQX (Fig. 6B) . Here, bicuculline neither increased firing frequency nor induced burst firing. We also used D-AP5 to block another type of glutamate receptor, N-methyl-D-aspartate (NMDA), and then added bicuculline (Fig. 6C) . Bicuculline did not induce burst firing. Finally, during bath application of bicuculline, we locally blocked glutamatergic synaptic inputs by puffer application of CNQX and D-AP5 (Fig. 6D) . In Fig. 6D , bicuculline first induced burst firing (Fig. 6D, b) , as in Fig. 5A , but the burst firing was inhibited after local application of CNQX and D-AP5 (Fig. 6D, c) and recovered after washout (Fig. 6D, d) . Figure 6D , e shows that CNQX and D-AP5 diminished bicuculline-induced burst firing. Taken together, bicuculline-induced burst firing is considered to be induced by activation of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-and NMDA-type glutamate receptors during disinhibition of GABAergic synaptic inputs to glutamatergic neurons, as shown in Fig. 6A . On the other hand, in adults, bath application of the GABA A receptor antagonist (global inhibition as in Fig. 5A ) did not induce burst firing (Fig. 7A) . Therefore, we plotted the percentage of bicuculline-induced burst firing at various stages of post-hatching development (Fig. 7B) . The percentage tended to decrease as fish grew older. In Fig. 7C , the number of burst firing during 6 minutes after the start of bicuculline application was plotted from 7 weeks after fertilization onward; the data before 7 weeks were omitted to avoid contamination of spontaneous burst firing as much as possible. Compared with TN-GnRH3 neurons in adults, those during juvenile periods showed bicuculline-induced burst firing more frequently (Fig. 7C) . Thus, the bicuculline-induced burst firing also shows time-dependent changes during posthatching development, similar to the change in the juvenile-specific burst firing.
Next, we examined whether [Ca 2+ ] i is also increased when TN-GnRH3 neurons show bicuculline-induced burst firing (Fig. 8) . As shown in Fig. 8A , bath application of ACSF containing bicuculline induced multiple peaks of [Ca 2+ ] i increase. The Fura2 Dratio during bicuculline perfusion was significantly higher than that of the vehicle control (Fig. 8A-8C) . Therefore, bicucullineinduced burst firing in juvenile medaka is also suggested to induce neuropeptide release.
Finally, we performed Ca 2+ imaging of the medaka brain during the ages when TN-GnRH3 neurons showed juvenile-specific spontaneous burst firing (3 to 5 weeks after fertilization). Figure 8D shows representative images ] i in the areas surrounding somata of TN-GnRH3 neurons also appeared to increase synchronously with that in the somata area. From the data shown thus far, TN-GnRH3 neurons are suggested to release neuropeptides during juvenile-specific spontaneous and bicuculline-induced burst firing.
Discussion
The present study demonstrated that .50% of TNGnRH3 neurons in juvenile medaka (especially up to 5 weeks after fertilization) showed spontaneous burst firing (intraburst firing frequency was .5 Hz), whereas none of them did so in adulthood. By Ca 2+ imaging analysis, we showed that not only burst firing evoked by puffer application of glutamate mimicking glutamatergic synaptic input but also a juvenile-specific spontaneous one are suggested to trigger neuropeptide release in TNGnRH3 neurons. Our results suggest that neuropeptides released from TN-GnRH3 neurons play a previously unrecognized role(s) in juveniles, which may indicate novel functions, in addition to its recognized role in neuromodulation in adulthood (see Functional significance of juvenile-specific burst firing in TN-GnRH3 neurons for functional discussion).
Juvenile-specific burst firing of TN-GnRH3 neurons It has been reported by morphological analyses of GFP-labeled GnRH neurons (19) and immunohistochemical and in situ hybridization studies [also see references cited in Takahashi et al. (19) ] that TN-GnRH3 neurons express GnRH3 peptide from early developmental stages. Though it has been suggested that spontaneous highfrequency firing, such as bursting, is important for neuropeptide release, it remains unknown during which developmental stages TN-GnRH3 neurons show burst firing. In the present study, we have demonstrated that TN-GnRH3 neurons in juveniles show burst firing, by far more frequently than in adulthood ( Fig. 9 ; juvenile-specific burst firing). In addition, by combining electrophysiology and Ca 2+ imaging, we could clearly demonstrate that burst firing (both evoked and (A and B) Glutamate (glu; 0.5 mM, dissolved in ACSF) was applied to the TNGnRH3 neurons in juveniles for 100 ms by using a puffer pipette at the point indicated by the arrow. (A) Representative recordings and (B) frequency histograms (n = 6) from juvenile medaka. Each frequency was calculated by the number of spikes for a 0.5-second bin. (C) Peak frequency of TN-GnRH3 neurons during glutamate application. Peak frequency was calculated by the number of spikes for 1 second, just after glutamate application. Steel test, *P , 0.05, **P , 0.01; 0 (control) vs 0.1 mM, P = 0.0072; 0 vs 0.5 mM, P = 0.0101; 0 vs 1 mM, P = 0.0101; 0 (n = 6), 0.1 (n = 12), 0.5 (n = 6), and 1 (n = 6). (D) The ratio (l340/l380) of Fura2 fluorescence transiently increased after puffer application of glutamate (each trace represents the average of three traces). Glutamate was applied by using a puffer pipette at the point indicated by the arrow. (E) The peak Dratio is plotted against the glutamate concentrations. Values were calculated by ImageJ. Steel test, *P , 0.05, **P , 0.01; 0 (control) vs 0.1 mM, P = 0.0113; 0 vs 0.5 mM, P = 0.0050; 0 vs 1 mM, P = 0.0050. Each group, n = 7. The juvenile fish used in experiments described above were 3 weeks after fertilization. (F and G) Glutamate (0.5 mM, dissolved in ACSF) was applied to the TNGnRH3 neurons in adults for 100 ms by using a puffer pipette at the point indicated by the arrow. (F) Representative recording and (G) frequency histograms (n = 12) from adult medaka. Bin: 0.5 seconds. (H) The ratio of Fura2 fluorescence transiently increased after puffer application of glutamate (each trace represents the average of three traces). Glutamate was applied by using a puffer ] i during electrical stimulation of 1 Hz (27) . In addition, hypophysiotropic GnRH1 and kisspeptin neurons that show highfrequency firing ($5 Hz) effectively induce neuropeptide release in the axon terminal in vivo (28, 29) and in vitro (27, 30) . The release of these neuropeptides is triggered by an increase in [Ca 2+ ] i (30, 31) . In other types of neurons (dopaminergic neurons), it has also been reported that burst firing is important for a large increase in [Ca 2+ ] i (32) . In the present study, a firing frequency of .3 Hz, which was induced by puffer application of 100 mM glutamate, was strong enough to cause an increase in [Ca 2+ ] i (Fig. 4) . It should be noted that most of the spontaneous juvenile-specific burst firings were .5 Hz (Table 1, top row) . A Fura2-fluorescence increase in spontaneous activity of juvenile TN-GnRH3 neurons was almost the same as that shown in hypophysiotropic GnRH1 neurons (Dratio, ;0.1), which is large enough to trigger GnRH1 peptide release (30) . Therefore, it is strongly suggested that juvenile-specific spontaneous burst firing can actually trigger release of the neuropeptide from the dendrite or axon in vivo as well (Fig. 9B) . Furthermore, as shown in Fig. 8D , we observed a simultaneous [Ca 2+ ] i increase in the areas surrounding somata of TN-GnRH3 neurons. Because the Ca 2+ indicator Fura2 was loaded to the whole brain, it is possible that either surrounding non-TN-GnRH3 neurons or dendrites of TN-GnRH3 neurons were excited synchronously. TN-GnRH3 neurons form dense dendritic plexuses around the somata (11); therefore, it is more likely that the spontaneous [Ca 2+ ] i increases in the areas surrounding somata of TN-GnRH3 neurons arise from neural activity in the dendritic plexuses. In contrast, TN-GnRH3 neurons in adulthood showed spontaneous burst firing far less frequently. However, they showed glutamate-induced burst firing, which also increased [Ca 2+ ] i significantly ( Fig. 4F and 4H ). These results suggest that the TN-GnRH3 neuron in adulthood can also release neuropeptide in response to glutamatergic synaptic inputs (Fig. 9C, a) .
Mechanisms of juvenile-specific burst firing in TN-GnRH3 neurons
Both juvenile-specific burst firing and burst firing by bicuculline application in TN-GnRH3 neurons were induced by glutamatergic synaptic inputs (Figs. 2, 4, and 6 ). These firings also showed time-dependent changes during post-hatching development (Figs. 1F and 7B) . Thus, juvenile-specific burst firing is suggested to be induced by almost the same excitatory mechanism as the burst firing by bicuculline application. In other words, global bicuculline application (bath application) in juveniles is considered to block the persistent GABAergic inhibition to the glutamatergic neurons (Fig. 6A) , and this disinhibitory action of bicuculline may have facilitated the glutamate receptor-mediated burst firing of TN-GnRH3 neurons in juvenile medaka ( Fig. 9B, a) . Juvenile-specific burst firing is suggested to be induced when such blockade of the persistent GABAergic inhibition to the glutamatergic neurons occurs.
As noted in the results, our study showed that glutamatergic synaptic inputs are important for juvenilespecific burst firing. Considering the fact that bicuculline did not induce burst firing under persistent blockage of AMPA-or NMDA-type glutamate receptors (Fig. 6D, a) , it is suggested that AMPA-and NMDAtype glutamatergic synaptic inputs act in concert to generate the juvenile-specific spontaneous burst firing. Interestingly, a similar mechanism for burst generation has also been proposed for the central pattern generator circuitry for locomotion in the spinal cord (33, 34) . Thus, AMPA-and NMDA-type glutamatergic synaptic inputs are suggested to play an important role in juvenilespecific burst firing. Furthermore, the percentage of burst firing was changed during post-hatching development (Fig. 1) . Our study also demonstrated that CNQX affected spontaneous activities of TN-GnRH3 neurons in juveniles more severely than in adulthood. With the consideration of the mechanism underlying the decrease in juvenile-specific burst firing with age, this decrease in burst firing may be due to changes in the level of glutamate receptor expression, in the subtype of glutamate receptors, or in the density of glutamatergic presynaptic inputs onto TN-GnRH3 neurons. It has been reported that subtypes of NMDA receptors in the brain changes during early development in mammals (35) . It is possible that the number or subtype of NMDA receptors in TN-GnRH3 neurons is different between juvenile and adulthood (Fig. 9B, a and 9C, a) , because each subtype of the NMDA receptor has specific conductance and other characteristics (35) . On the other hand, the GABA A receptor antagonist did not induce burst firing in (Fig. 7A) . If TN-GnRH3 neurons in juveniles receive more glutamatergic inputs than in adulthood, it is suggested that TN-GnRH3 neurons in adulthood rarely show spontaneous burst firing, because both glutamatergic synaptic inputs and persistent GABAergic inhibition decrease during post-hatching development (Fig. 9C, a) . If the mechanism underlying the change in firing pattern during post-hatching development will be further clarified in the future, it should help to deepen the understanding of the nature of peptidergic neurons.
Functional significance of juvenile-specific burst firing in TN-GnRH3 neurons Our final discussion will focus on the functional significance of juvenile-specific burst firing in TN-GnRH3 neurons. A histological study using a trans-synaptic tracer suggested that TN-GnRH3 neurons receive afferent input, mainly from brain regions involved in olfactory, visual, and somatosensory information processing (36) . Considering our finding that juvenile-specific burst firing needs glutamatergic synaptic inputs, TN-GnRH3 neurons may receive these inputs from such brain regions. In other words, our study suggests that TN-GnRH3 neurons in juveniles receive plenty of environmental information via glutamatergic synaptic inputs, show burst firing, and release neuropeptides, far more actively than in adults (Fig. 9B, b and 9C, b) .
Previous studies of TN-GnRH3 neurons in adulthood suggested that the TN-GnRH3 neuron is important for motivation control for sexual behavior (8-10), which may be via neuromodulation by GnRH3 peptide (13, 14, 16) . Thus, one possible function of juvenile-specific burst firing also may be neuromodulation, such as in adults. If so, the GnRH3 peptide that is released in juvenile animals is suggested to play a key role in neuromodulation of age-independent phenomena, such as energy homeostasis, mood, motivation, etc. (4, 6). Although some vertebrates (mammals, birds, eel, etc.) have lost gnrh3, it has been proposed that gnrh1 compensates for the loss of gnrh3 and is expressed in the TN neurons (7) . The GnRH1 peptide expressed in the TN of such juvenile animals may serve the same functions as described previously. On the other hand, TN-GnRH3 neurons release neuropeptide FF (NPFF) in addition to the GnRH3 peptide (37) . Further investigation of the role of GnRH and NPFF in neuromodulation is necessary to determine if these peptides are released separately or simultaneously to exert differential functions.
Another possible novel function of TN-GnRH3 neurons may be neurotrophic and/or maturational action. Recently, it has been reported that some neuropeptides also function as neurotrophic factors during early development (38) (39) (40) . For example, calcitonin gene-related peptide acts for survival and differentiation of neurons during early development and neuromodulation in adulthood (39) . Spontaneous bursting activity before the onset of hearing promotes the survival and maturation of auditory neurons and the refinement of synaptic connections in auditory nuclei (41) . Therefore, neuropeptide release by juvenile-specific Figure 7 . Bicuculline-induced burst firing in juvenile TN-GnRH3 neurons shows time-dependent changes during post-hatching development. (A) GABA A receptor antagonist bicuculline (Bic, 20 mM, dissolved in ACSF) was applied for 4 minutes into the recording chamber where an adult brain (.12.5 weeks after fertilization) was placed. Bicuculline is considered to block GABAergic synapse in the whole brain as in Fig. 6A . Bicuculline was applied during the period indicated by the red bar. (B) Percentage of neurons showing burst firing induced by bicuculline; 4 weeks after fertilization, n = 4; 7 weeks, n = 6; 8 weeks, n = 8; 9 weeks, n = 6; 10 weeks, n = 7; .12.5 weeks, n = 6. (C) Number of burst firings induced by bicuculline perfusion, recorded from TN-GnRH3 neurons of medaka at various developmental stages. We used recordings for 6 minutes after bicuculline application, as the effect of bicuculline continued for ;10 minutes after washout. ANOVA with Dunnett post hoc test, *P , 0.05, **P , 0.01; 7 vs 12 weeks, P = 0.0403; 8 vs 12 weeks, P = 0.0053; 9 vs 12 weeks, P = 0.1706; 10 vs 12 weeks, P = 0.5183. At 7 weeks, n = 6; 8 weeks, n = 8; 9 weeks, n = 6; 10 weeks, n = 7; .12.5 weeks, n = 6. One bout of burst firing was defined as the time period containing more than three spikes at high frequency (.3 Hz), followed by interburst hyperpolarization with an interburst interval longer than 1 second.
burst firing may also have neurotrophic and/or maturational action, although other functions are also possible. It has been reported that animal behavior in adulthood can change in response to their environment in the juvenile period, as well as that surrounding the animals (42, 43) . It is therefore possible that juvenile-specific burst firing in TN-GnRH3 neurons plays a key role in such environmental factors during the juvenile period to modulate behaviors in adulthood. In summary, we found that TN-GnRH3 neurons show juvenile-specific, spontaneous burst firing, which may have novel functions, in addition to neuromodulation.
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